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RESEARCH MEMORANDUM

HEAT TRANSFER AND PRESSURE DISTRIBUTION AT A MACH
NUMBER OF 6.8 ON BODIES WITH CONICAL FLARES
AND EXTENSIVE FLOW SEPARATION

By John V. Becker and Peter F¥. Korycinski
SUMMARY

An investigation of heat transfer and pressure distribution on
flared bodies under laminar, transitional, and turbulent boundary-layer
conditions was conducted 1n the Langley 11-inch hypersonic tunnel at a
Mach number of 6.8. The results indicated extensive zones of separated
flow ahead of the flares when the boundery leyer was laminar at sepa-
ration. The rate of heat transfer in these zones was found to be con-
siderably less than In attached laminar flow except in regions where
transition occurred on the separated boundary.

In the turbulent cases the separated zone was so localized as to
be undiscernible in schlieren photographs. Downstream of flow reattach-
ment on the flare, the Stanton number based on local conditions was
found to be several times greater for large flare angles than the values
existing in attached flow on the body ahead of the flare.

The results are anslyzed to determine the adequacy of available
theoretical methods for predicting heat transfer in cases where the transi-
tion point and the limits of the separated zone are known.

INTRODUCTION

The flared or flapped surfaces contemplated for controlling the drag
or stability of hypersonic alrcraft present a serious heating problem,
probebly second in importance only to that of the body nose and wing
leading edge. Baslcally, the problem is more complex than that of the
leading edge because of the occurrence of shock—boundary-layer interaction
with separation. .

A considerable background of theory and experiment has been built up
for the lower supersonlc speed range which establishes the genersal
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character of this interaction process. (For example, see refs. 1 to 10.)
However, the heat transfer in this critical area is largely unknown. In
some cases 1t has been surmlised that the heat-transfer rate may be aggra-
vated by separation while in others it has been postulated that the sepa-
rated zone might have an insulating effect. Tests which might be con-
strued to support the former viewpoint are described in reference 11,

in which the effect of a spike protruding shead of a spherical nose was

to increase the heat transfer above the laminar level found in unseparated
flow wilthout the spike. These results are not completely conclusive, how-
ever, because of the possibllity that the spike may have triggered tran-
sition. Furthermore, it is probeble that the results obtained on the
bluff body at the end of the separated zone produced by the spike are

not similar to what would be found on a cylindrical or conlcal surface.

Aside from the foregoing questions pertaining to the separated zone,
the heat transfer in attached flow on a flare or flap cannot be calcu-
lated theoretically at present because of inadequacies 1n current theories
for predicting boundary-layer-proflle changes through the phenomena found
at the body-flare Jjuncture. Thus, the need for research in this area is
obvious. The only previous experimental work known to the authors con-
sists of flight temperature measurements at two stations on a wing flap
under conditions of fully turbulent (and probably unseparsated) flow
(ref. 12). For the smell flap angle of these tests (10°) the Stanton
.number based on local conditions on the flap appeared to be approximately
the same as on the wing Just ahead of the flap.

The material presented in the present paper 1s drawn from a current
progrem in the Langley ll-inch hypersonic tunnel at M = 6.8 which uti-
lizes a typlcal oglve cylinder with various conicel flared skirts. The
purpose of this investigation 1s to establish the character of the inter-
action and heat-transfer phenomena for conditions of laminar, transi-
tional, and turbulent boundary leyers shead of the flare. This paper
presents the results of initial experiments with models having 10° and:
30° flares.

The tests were conducted by various members of the ll-inch hypersonic
tunnel staff including Messrs. C. H. McLellan, Mitchel H. Bertram, Davis
H. Crewford, and David E. Fetterman, Jr. Mr. Crawford also assisted in
the analysis of the results by applying the method of Stine and Wanlass
to obtain the theoretical laminar heat transfer for the ogival nose.

SYMBOLS
c chord of flare
CD pressure~drag-coefficient increment due to flare,
Pressure-drag increment
2
(ﬁD2/8)pdVQ\>”wr o
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pressure coefficient,

speclfic heat at constant pressure

diametef of cylindrical part of body
overall length of model

Mach number

pressure

theoretical pressure at reattachment point (two

heat transferred per unit area

redius

Reynolds number based on free-stream conditions
diaemeter, pOqu/uo

Reynolds number based on free-stream conditions
length, poVoL/u,

Reynolds number based on free-stream conditlons
to tramsition point xg, poVoXg/te.

Stanton number based on free-stream conditionms,
a

cpopovo (Tr - Tw)

dimensional)

and body .

and model

and distance

q

Stanton number based on local conditionms,

temperature

recovery temperature

skin temperature

time
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v velocity

X axlal distance

8 distance along surface of flare

s} flare deflection angle

u . viscosity

o density

Subscripts:

o free-stream condition (or zero time on fig. 2 oniy)

1 local condition

1 station immediately ahead of separation polnt on cylinder
(fig. 5)

2 station in separated-flow reglon where 'plateau" pressure

occurs (fig. 5)

3 station on flare immediately downstream of assumed flow reat-
tachment point (fig. 5)

APPARATUS AND METHODS

The experiments were made in the Langley 11-inch hypersonic tunnel
which is described in reference 13. The storage heater has been replaced
by an electric heater and the tunnel now has invar nozzle blocks (see
ref. 14) which have largely eliminated the test-section Mach number vari-
atlon with time due to warpage of the nozzle throat. All experiments
were made at 0° angle of attack and a tunnel stagnation temperature of
agbout 1,100° R. Tunnel stagnation pressure was varied from 3.2 to
42,9 atmospheres. At the lowest pressure, 3.2 atmospheres, the Mach num-
ber was 6.52 and it gradually increased to 6.88 at the higher stagnation
pressures.

Oglve-cylinder models with lO° and 300 flared tails were used in these
experiments. The nose was a Von Karmén minimm-~drag shape of fineness
ratio 5 with a 10° half-angle cone at the tip. The midbody was a cylinder
5 diameters long. The flared skirts were about 2 diameters long. Overall
length of the models was about 18 inches and the diameter of the cylinder
was 1.5 inches. Figure 1 shows the model coordinates and the locations
of the ‘pressure orifices.

-~
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Separate models were used for pressure and temperature measurements.
Pressure models were conventional, end pressure measuring and recording
equipment similar to that of reference 15 was used. The initlal tempera-
ture model (10° flare) was spun from Inconel X. Tts skin thickness
varied from about 0.030 to 0.050 inch. In computing heat transfer the
actual local skin thicknesses were used. The temperature model with
30° flare was machined from mild steel to a uniform skin thickness of
0.030 £ 0.001 inch.

The temperature models were equipped with chromel-alumel thermo-
couples' (no. 36 wire) affixed with silver solder to the undersurface
of the skin. Temperatures were recorded on self-balancing recording
potentiometers. A meximim of four thermocouples were connected to each
recorder, and the thermocouple readings were recorded once every L4 sec-
onds. The locatlions of the thermocouples are shown in figure 1.

Schlieren observations were made of the flow sbout both Ppressure
and temperature models. Photographs of the flow about the model with
10° flare were made with an exposure of about 4 microseconds; the expos-
ure used for the models with 30° flare was about 1/150 second.

The method of determining heat-transfer rates was as follows. By
preliminary stebilization of the electric tumnel-air heater (passing
alr through the heater but not through the nozzle), it was possible to
spproximate a step-functlon type of alr-temperature variation-from an
initial temperature without flow of about 535° R for the model and tunnel
alr to the tunnel stagnation temperasture of about l,lOO0 R. In figure 2
is shown a typical skin-temperature history at a glven station. The
slope of the curve at zero time i1s determined by extrapolation, a small
correctlon to the first few data points belng necessary to account for
the fact that the alr-temperature curve is not a true step function.

This method has two important advantages: (1) Heat transfer is
determined for the isothermal skin-temperature case, which is the most
basic and most easily specified case and the only case for which many
current theories apply. (2) No skin-conductlon corrections are necessary,
a fact which greatly facllitates data reduction.

The accuracy of the method depends to a large extent on the frequency
with vhich reliable thermocouple readings are recorded near the beginning
of the run. With the equipment used, one measurement every 4 seconds
appeared to give an overall accuracy adequate for these initial experi-
ments. An assessment of the accuracy can be obtalned by comparing measure-
ments made on the oglval nose in several test runs (fig. 5). Two runs
made at nearly the same Reynolds number (fig. 5(c)) can also be compared.
The method can obviously be made more accurate by taking measurements at
shorter time intervals.

) S~y
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DISCUSSION

Flow Characteristics

At the lower test Reynolds numbers extensive laminar separation
occurred ahead of the flare, as 1llustrated in figure 3 for the 30° flare

at RL = 1.8 x 106. For this case the entire cylindricel portion of the

body and: nearly all of the flare were immersed in the separated flow.
Transition to turbulent flow appeared to stert on the outer boundary of
the separated region at a considerable distance downstream of the sepa-

ration point. At the highest test Reynolds number, Ry, = 8.3 = lO6

(or RD = 0.69 x 106), transition started ahead of the separation polint

(at x/D = 6.5), and was completed shead of the body-flare juncture. The
flow for this turbulent conditlon is pictured on the right side of fig-
ure 3. No separation is visible in this picture, although a small bub-
ble of separation presumably exists at the flare juncture since the pres-
sure rise, /p/p; = 20, is far greater then that estimated for turbulent

separation (Agypl sl refs. 7 to 10). The critical dependence of these

separation characteristics on whether the boundary layer was laminar or
turbulent st separation is consistent with previous findings at lower
Mech numbers (e.g., ref. 9).

The manner in which the observed locations of separation and transi-
tion varied with test Reynolds number is also qualitatively consistent
with previous work. Also, following previous work, the flow regime will
be referred to as "laminar" in the range of Reynolds numbers for which
the boundary layer over the entire separated-flow zone is laminar, "tran-
sitional" for Reynolds numbers at which transition occurs on the
separated-flow boundary, and "turbulent" for Reynolds numbers at which
the transition point is ahead of the separation point. Figure 4(a), for
the 10° flare, shows that the laminar regime prevailed at the lowest
Reynolds numbers. As the Reynolds number was increased the separation
point at first moved upstream; this 1s apparently a characteristic of
purely laminar seperations (ref. 9). The dashed line in figure L4(a)
shows this trend as predicted by reference 9 for lower supersonic speeds.
As transition moved forward onto the separated zone this trend reversed,
and finally, with transition ahead of separation, the very small sepa-
ration distances characteristic of turbulent flow prevalled. The data
points on the "transition point" curve of figure 4(a) denote the location
of the stert of transition and were obtained from both heat-transfer data

and schlieren photographs.

( CONFIDENTIALT, ;
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Similar results were obtained for the 30° flare (fig. 4(b)) with

the principal exception that for Rp greater than 0.14 x lO6 the

boundary layer remsined laminar only to ebout the 8.3D body station

in the presence of the large destabillizing separated zone. At lower
Reynolds numbers the flow regime may be laminar, as indicated by the
initial forward movement of the separation point. However, because
heat-trensfer date were not obtalned in this range and because the air-
stream density was too low for reliable use of the schlieren photogrephs,
the existence of laminar flow was not confirmed. A%t higher Reynolds
numbers the locatlion of the start of transition on the boundary (deter-
mined from schlieren pictures) remained epproximately fixed with
Increasing test Reynolds number until the separation point had moved
dowvnstresm of transition. Similar results for a two-dimensional transi-
tlional case are described in reference 9 for M = 2 to L.

It should be noted that the technique used to locate transition on
the outer boundary of the separated flow (by inspection of a considerable
number of schlieren photographs) became increasingly unreliable as the
Reynolds number (density) was reduced. It is probable, however, that
the mean locatlons shown In figure'h(b) are correct to wlithin 1 diameter.
Where transition was well shead of separation, the start of transition
could be detected accurately from the temperature measurements because
in this case there was no possibility of confusing transition and sepa-
ration effects.

It was noticed that the extent of the separated region fluctuated
rapidly when the transition location on the separated boundsry was in
the vicinity of the separation point. These fluctuations of course
resulted in corresponding large and rapid variations in the pressures
on the flared surface. This apparent coupling between the fluctuations
of the transition polnt and the extent of the separated region provides
an obvious reason for the lower transition Reynolds numbers existing in
the presence of extensive separation. For the model with 30° flare, for

example, the transition Reynolds number th varied from about 1.2 X 106

in the presence of the longest separated zone to about 4.7 X lO6 when
the transition and separation points coincided. (See fig. 4(b).) In the
absence of separation, transition Reynolds numbers varying between

k.5 x lO6 and 5.1 X lO6 were obsérved, values in the same range as
previcusly found in this wind tunnel on a cylindrical body (ref. 16).
Heat Transfer

Method of presentation.- The Stanton number based on free-stream
conditions 1s used in presenting the results (fig. 5) because it
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Iindicates directly the large variations in local héat-transfer.rate
occurring elong the length of the body. For the regions of laminar flow
over the forward part of the body, data obtained at different test pres-
sures can be correlated through use of the parameter Sﬁ/ﬁﬁ which is

used in figure 5. In regions of turbulent flow, of course, a different
value of this pearameter exists for each test Reynolds number. In
reducing the experimental datae to values of St{ﬁD, 2 laminar recovery

factor of 0.84 based on free-stream conditions was used for all polnts,
except those on the flare itself for cases in which it was known that
the flare boundary layer was fully turbulent. In these cases a recovery
factor of 0.90 was used, a value appropriate for turbulent flow under
the existing tunnel conditions. ’

Because of the controlling effect of local pressure on the local
heat-transfer rate, a plot of the pressure distribution along the body
1s included below each of the heat-transfer dlegrams in order to aid in
the interpretation of the results. The theoretical pressure distri-
bution on the oglve and cylinder was calculated by the method of char-~
acteristics and was used with the method of Stine and Wanlass (ref. 14)
to obtain the theoretical values of the laminar heat-transfer coeffi-
cients. Pressures on the flare were estimated by wedge and cone theory.
When little or no apparent separation was evident, the flow spproximated
inviscid flow, and the two-dimensional pressure at the flare-body Junc-
ture designated as "p5 - wedge" and the three-diménsional "cone" pressure

(see fig. 5(a)) were calculated by sterting with the theoretical pressure
on the cylinder (ppcyl was taken as -0.005). When separation was pres-

ent, the theoretical pressure at reattachment p'2 was calculated by

starting with the experimental pressure in the separated region, Do,

and the deflection angle was taken as the flare angle minus the measured
separation wedge. The measured separation angles used were 3° for the
model with 10° flare and T° for the model with 30° flare. In the heat-
transfer calculation the wedge pressures were used and were assumed to
apply over the entire flare chord.

In using the method of Van Driest (ref. 17) to calculate the theo-
retical laminar flat-plate heab-transfer coefficients for the cylinder
and the flare, it 1s necessary to'account for the difference between
the reference static temperature of 392° R used by Van Driest and the
static temperature in the tunnel, which in the case of the ll-inch hyper-
sonlc tunnel is about 110° R. For an insulated flat plate the correction
factor is 1.22, and this factor was applied to the theoretical values
with the assumption that it remsins constant over the range of wall-
temperature to static-temperature ratios covered 1n thls investigation.
For the turbulent case the methods of reference 18 were applied.
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Laminar case, 10° flere.- Figure 5(a) presents the results obtained
at a low Reynolds number for which the flow was laminar over the entire
body. On the cylindrical part of the body the compressible laminar
theory (ref. 17) was used with an assumed starting point at x/D = 1.75,
which resulted in agreement with the nose calculations at the nose-
cylinder juncture. Reasonable agreement between both the heat-transfer
and pressure data and the theoretical estimetes is shown up to the sepa-
ration point.

In the separated region 1t is shown in figure 5(a) that the heat-
transfer rate decreases to roughly 50 percent of the level that would
exist in unseparsted flow (solid line). This decrease occurs in spite
of the increase in pressure caused by the presence of separation; the
dashed line labeled "laminer - py" is the approximate heat-transfer level

that would be expected for unseparated flow on the cylinder at the pres-
sure Po. Whether this decrease 1s due to a reduction in recovery factor

or a reduction in local heast-transfer coefficient (or more probably a
reduction in both factors) is not known, since local recovery factor
was not measured. It is clear, however, that this purely laminar sepa-
ration results in a marked decrease in heat-transfer rate.

No satlisfactory theoretical method was found for estimating the heat-
transfer rate on the flare. The flow in the vicinity of the flare-
cylinder Juncture presents an extremely complex problem because the
veloclty profile is subject to large distortions from the occurrence of
shock interaction, separation, mixing, and reattachment. For large ratios
of flare length to body length and for large flare deflections, it might
be expected that the body boundery-layer effects would be secondary.

Thus 1t was assumed that the flare boundary layer started at the point of
reattachment, as a basis for rough estimates of the flare heat-transfer
levels for figure 5. In the particular separated case consldered in
figure 5(a) the pressures on the flare were initially much below the
theoretical values for inviscid flow because of the manner in which the
boundary layer bridged the Juncture. This accounts for the fact that

the heat-transfer level is far less than estimated for the theoretical
(inviscid) pressure at reattachment. Near the trailing edge better
agreement 1s evident for both pressure and heat transfer.

Turbulent case, 10° flare.- Results for a high test Reynolds number
in vhich transition was essentlally completed ahead of the juncture are
shown in figure 5(b). In calculating the theoretical turbulent heat
transfer on the cylinder for this case the usual assumption was made
that the momentum in the boundary layer was constent across transition.
On the flare, the turbulent boundary layer was assumed to start at the
Juncture, and flast-plate values for the theoretical flow conditions Jjust
aft of the juncbure were obtained from reference 18.
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Apparently, under the conditlions of flgure 5(b) transition required
about 3 body diameters of distance before "fully developed" turbulent
flow was esteblished. Because of the action of the relatively thick
boundary layer the pressure started to rise just ahead of the flare and
at the midchord was closer to the wedge pressure than the cone pressure.
As in the laminer case, the heat-transfer results reflect the charac-
teristics of the experimental pressure diagram. There was no evidence
of a "hot spot" in the flare-body Juncture.

NACA RM L56F22

Turbulent case, 30° flare.- These results (fig. 5(c)) are similar
to those for the turbulent case for the 10° flare (fig. 5(b)) with the
exception that both the pressures and the heat-transfer rates achleve
peek values on the flare somewhat In excess of the estimates obtained
theoretically by using the wedge pressures. It 1s thought that the
boundary leyer, including the probable presence of a small bubble of
separation, bridges the juncture in such a way as to cause a continuous
pressure rise which makes possible a higher pressure peak than that of
the single strong shock visualized in the inviscid theory.

Transitional case, 30° flare.- Figure 5(d) presents the results
obtained at a low Reynolds number in which extensive separation was pres-
ent. As mentioned previously, this case involved laminar separation
followed by transition starting ebout 1.7 diameters ahead of the flare.
It will first be noted that the pressures in the separated flow on the
flare are extremely low. The pressure rises on approaching the reattach-
ment point, and 1t was assumed that the theoretical wedge pressure level
was attained although the lack of pressure orifices in this area makes
1t impossible to confirm this assumption. Estimates of heat-~transfer
rate agree surprisingly well with the test results in view of the arbi-
trary assumptlions involved.

Perhaps the most significant result for thls transitional case is
the rapid increase in heat transfer which starts to occur within the
reglon of separated flow near the location of transition on the outer
boundary. In the previously illustrated case of pure laminar separation
(fig. 5(a)), there was no such rise above the estimated heat-transfer
level for attached laminar flow. There is thus a marked difference in
‘the heat-transfer characteristics of separated-flow zones, depending on
whether transition occurs.. This result suggests the speculation that
the adverse effect of separation on heat transfer to a spherical nose
which was observed by Stalder and Neilsen (ref. 11) may have been due to
the occurrence of transition.

Local heat-transfer coefficients on flare.- In areas on the flare
where the flow is separated or transitional or both, it is evident from
figures 5(a) and (d) that the pressure as well as the heat transfer is
subject to large and quantitatively unpredictable variations. In the
simpler turbulent cases (e.g., those of figs. 5(b) and (c)) or in
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separated cases where only the part of the flare downstream of reattach-
ment 18 considered and where the flow 1s known to be either laminar or
turbulent, there is some hope that a method of prediction of local heat
transfer can be developed. As pointed out previously, however, even in
these simpler cases theoretical determination of the distortions of the
velocity profile in the flow at the juncture presents a complex unsolved
problem. In these simpler cases the local pressure and other conditlons
outside the boundary layer are predictable, to a first order of approxi-
mation at least, when the separation and resttachment points are known,
but the boundary-layer parameters governing the local heat-transfer
coefficient are not calculable.

Previous investigators have used the following widely different
arbltrary assumptions in attempts to estimate approximately the local
heat-transfer coefficient on flared or flapped surfaces:

(1) st, assumed constent across the jJuncture

(2) Momentum of the boundary layer assumed constant across the
Juncture; no change in veloclty profile shape

(3) Momentum thickness of the boundary layer assumed constant across
the Jjuncture; no change in velocity profile shape

Assumption (1) 1is shown by the present results to be completely invalid
except for very small flare angles. Figure 6 indicates that the peak
Stanton number based on locel (wedge) conditions on the flare is 3.5 times
the undeflected value for the 30° flare and 1.2 times the undeflected
value for the 10° flare. The application of assumptions (2) and (3)

for the 30° flare produced the two dashed curves shown in figure 6. The
assumption (2) of constant moméntum across the juncture naturally results
in a thinner boundary layer and higher heat transfer than the assump-
tion (3) of constant momentum thickness. The fact that the experimental
points fell above case (2) suggested the approximation used in this

paper (fig. 5) in which the boundary layer from the forebody is neg-
lected and it is assumed that the flare boundary layer starts at the
Juncture. This latter method of course results in infinite heat-transfer
coefficient at the juncture, but if the first 10 percent of the flare
chord i1s neglected, 1t produces somevwhat better asgreement than the other
arbltrary methods. Obviously, this method should provide increasingly
accurate predictions as the ratio of flare chord to body length increases,
and as the flare angle increases. For small flare angles, however, the
assumption that the body boundary layer can be neglected becomes Increas-
ingly untenable, obviously being completely invalid at d¢ = 0. It i1s

quite evident that further experimental and analytical work on this prob-

lem is necessary.
T
CONFIDENTIAL
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Flare Drag

The varlation of extent of separation with Reynolds number obviously
affects the smount of pressure drag produced by the flare. The large
magnitude of this effect is shown in figure T, where the data for both
configurations are based on the same axial flare lengths (Ax/D = 2).

The abrupt increase in drag for the 30° flare at a Reynolds number of

about 0.15 x 106 apparently occurs when the reattachment point starts
to move forward from the rear edge of the flare. In the case of the

10° flare, within the accuracy of the data, the drag appeared to increase
continuously after the separation point had started to move rearward

(cf. figs. 4 and T).

The use of simple inviscld theory to predict flare drag is obviously
unjustifiable in the presence of extensive separation. It will be
noticed, however, that at the higher Reynolds numbers, where no signifi-
cant separation occurred, the experimental date fell between the theo-~
retical levels calculated by using inviscld wedge and cone pressure
coefficlents for the flares. The experimental data were in closer agree-
ment with the wedge pressure levels.

Relation Between Flare Drag and Flare Heating

The results previously discussed iﬁgicated major changes in both
flare drag and flare heat transfer with the extent and cheracter of
separated flow. If the objective of the flare is to produce drag, it is
of interest to inquire what condition of the separated zone will result
in maximm values of the ratio of flare drag to average flare heat trans-
fer. With the mean Stanton number based on stream conditlions S%t, it is
desirable that QDlgf be a maximm. For unseparated flow this parameter

would theoretically increase with flare angle, and for a glven flare angle
it would, of course, be theoretically much larger with laminar than

with turbulent heat transfer. Since extensive separation and low drag
exist in the actual laminar case, however, it remains for experiment to
determine whether this case has any real advantage.

In figure 8, the calculated values of CDIEE for both a leminar

(1ow Reynolds number) and 'a turbulent (high Reynolds number) condition
are presented. Two-dimensional flow was assumed in calculating local
conditions. The mean Stanton numbers correspond to local Reynolds num-
bers at the midchord line of the flare (x/D = 11) with the boundary layer
starting from the body-flare Jjuncture. As for the experimental results,
the mean Stanton number was obtained from integration of the local Stanton
numbers on the flare, assuming a flaere axial length of 4Ax/D = 2; the
corresponding values of pressure drag were obtained from the faired
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curves of figure 7. It is seen that for the 10° flare the experimental
values of CD/St were In agreement with the theoretical estimates both

in fully laminar flow at the lower Reynolds numbers and in the turbulent
flow at the higher test Reynolds numbers. In this case the zone of sepa-
ration covered only the forward 20 percent of the flare chord at the
lowest Reynolds number (fig. 5(a)).

For the 300 flare with laminar separation, nearly the entire chord
was submerged in separated flow at the lower Reynolds numbers, and the
high ratio of drag to heat transfer calculated for laminar flow was not
realized. In fact, by a considerable margin the highest ratio of drag
to heating 1s achieved with turbulent flow. The very low values of

St obtained for the 30° flare at the lowest Reynolds numbers are a

consequence of the low drag resulting from extensive laminar separation
and the hligh heat transfer existing in the transitional flow over the
flare. If the flow had remained laminer on the separated boundary a
more favorable value of CD/§E would have been obtained at the lower

Reynolds numbers because of reduced heat transfer, while the drag pre-
sumably would not have been much affected in this case. Calculations
for this fully laminar separated-flow case indicate, however, that the
value of CDISE would still be only about one-half the value for the

turbulent or high Reynolds number. It is thus clear thet for this high-
flare-angle configuration it is advantageous to prevent laminar sepa-
ration, even if this i1s accomplished by tripping the boundary layer to
produce turbulent flow.

The basic reason for the superiority of the turbulent case lies in
the fact that only a small fraction of the drag energy of a 30° flare
appears as flare heating. It is therefore beneficial to achieve the
high attached-flow drag even 1f this involves a change from laminar to
turbulent heat-transfer level on the flare.

It should be mede clear in conclusion that the turbulent-flow case
will produce more favorable values of CD/St only for configurations

vhere the drag suffers a major decrease due to laminar separation, that
is, only where a major part of the flare area is lmmersed in the sepa-
rated zone in the laminar case.

CONCLUDING REMARKS

The flow-separation phenomena observed at M = 6.8 on bodies of
revolution with conical flared skirts were similar in character to pre-
viously observed separated flows on flat plates wlth flaps or wedges
investigated at lower Mach numbers. In particular, large zones of
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separation existed shead of the flare in the case of laminar flow, while
in the turbulent case the separated region was too short to be visible
In schlieren pictures. The flare pressure distributions and drag were
accordingly much closer to the theoretical inviscid-flow values in the
turbulent case.

The presence of separated flow appeared to cause a reduction 1in
transition Reynolds number in all cases. For the most extensive sepa-
rated zone (flare angle of 30°) the laminar boundary layer persisted
along the outer boundary of the separated flow to a Reynolds number of

about 1.2 X lO6 at which transition appeared to start. As the sepa-
rated zone dimlnished in length with increasing Reynolds number, the tran-

sition Reynolds numbers increased to a maximum of about 5 X 106 in the
absence of separation. In the transitional cases the flow became increas-
ingly unsteady as the transition and separation points drew closer
together with lncreasing Reynolds number.

Heat-transfer measurements in a case In which the flow was laminar
over the entire model indicated that the rate of heat transfer in the
separated zone was roughly half that for attached flow. However, when
transition occurred on the outer boundary of the separated zone the heat
transfer to the surface increased rapidly with distance downstream from
the transition point. There was no evidence of a hot spot in the Junc-
ture for the case of turbulent separation. On the flare the measured
Stanton numbers based on locel conditions were muich larger than for the
undeflected case - for example, about three times as great for a
30° flare in turbulent flow.

In ebsence of separation the heat-transfer rates over the body
ahead of the flare could be predicted theoretlically with satisfactory
accuracy when the transition locatlon was known, except in the transition
reglon. No adequate theoretlical method 1s avalleble to predict the
local heat-transfer coefficlents on the flare. A crude approximation
suggested by the experimental results, however, can be used for large
flare angles to establish the order of the local heat-transfer coeffi-
clents. In this approximation the assumption that the flare boundary
layer started at the polnt of flow reattachment produced local Stanton
numbers of the right ordér over about 90 percent of the flare chord
downstream of the reattachment point. Obvliously, thls approximation i1s
not vealid for small flare deflections and further analytical work on this
problem is needed.
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For flare angles of the order of 30° it was found that for a given
drag increment less heat was transferred to the flare in turbulent-flow
cases than In the cases involving laminar separation. This result was
a consequence of the much higher drag coefficient achieved in the
(attached-flow) turbulent cases, which more than offsets the higher
heat-transfer coefficlents in turbulent flow. It 1s to be expected
that this result holds only for the laminer cases in which a major part
of the flare chord 1s immersed in the separated zone.

Lengley Aeronsutical Laboratory,
Netional Advisory Committee for Aeronautics,
Lengley Field, Va., June 4, 1956.
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